A hot filament chemical vapor deposition ͑HFCVD͒ method has been used to investigate the effects of atomic hydrogen and active carbon species on the growth of 1 mm vertically aligned single-walled carbon nanotubes ͑VA-SWNTs͒. Isotopic shifts of the tangential phonon mode of SWNTs indicate that SWNT growth occurs primarily via reactions of acetylene and ethylene. The authors find that the presence of atomic hydrogen and active carbon species such as ethylene and acetylene appears to be essential for both nucleation and growth of VA-SWNTs in this HFCVD.
Since 1993, single-walled carbon nanotubes ͑SWNTs͒ have been intensively studied both theoretically and experimentally. Previous studies have shown that vertically aligned single-walled carbon nanotubes ͑VA-SWNTs͒ can be readily grown in the presence of hydrogen and various hydrocarbons at subatmospheric pressures ͑0.5-30 Torr͒ where the gas mixtures are activated with a microwave or radio frequency discharge.
1-5 It has also been previously shown that hot filament activation of gas mixtures of hydrogen and hydrocarbons promotes the growth of multiwalled carbon nanotubes in the presence of metal catalysts. 6 Gas activation with a gas discharger or a hot filament ͑temperature greater than 2000°C͒ likely causes the formation of atomic hydrogen and free radical species containing carbon. This study investigates the role that activated species such as atomic hydrogen play in the growth of VA-SWNT. Figure 1 shows scanning electron microscope ͑SEM͒ images of 1 mm VA-SWNTs, synthesized by a hot filament chemical vapor deposition ͑HFCVD͒ method with rapid insertion and typical growth conditions ͓400 SCCM H 2 and 40 SCCM CH 4 ͑SCCM denotes cubic centimeter per minute at STP͒ at pressures of 10-15 Torr with a hot filament temperature greater than 2000°C for 300 min͔. 7 The metal catalyst Fe was vacuum deposited as a 0.5 nm thin film on a 10 nm Al 2 O 3 film previously vacuum deposited on a silicon wafer with a 3.5 m layer of thermal SiO 2 . The iron probably exists as isolated metal islands. We find that VA-SWNTs form as 10-20 nm carbon bundles, with individual SWNT diameters ranging from 0.8 to 1.6 nm.
During the growth process, we monitored the gas mixture with Fourier transform infrared ͑FTIR͒ spectroscopy leaving the reactor. This allows a real-time investigation of gas-phase chemistry and enables the monitoring of methane decomposition. When the temperature of the hot filament is over 2000°C, methane is partially decomposed to ethylene and acetylene, as shown in Fig. 2 . As the temperature of the hot filament increases, the FTIR absorbance intensity of both ethylene and acetylene increases. The concentration of ethylene and acetylene produced as a result of the methane decomposition has been determined by comparison to known mixtures. In a typical growth run, both C 2 H 4 and C 2 H 2 are formed by methane deposition on the hot filament at a concentration ϳ2.5% of the methane concentration.
In order to determine the primary gas species contributing to SWNT mixture of isotopic methane ͑ 13 CH 4 ͒ and a small amount of acetylene ͑ 12 C 2 H 2 ͒ at various filament temperatures. The Raman spectra of SWNTs grown from different gas mixtures and hot filament temperatures are shown in Fig. 3 . A downshift of the 1590 cm −1 tangential SWNT vibration mode by the square root of the mass ratio 12/ 13 ͑62 cm −1 ͒ is expected for complete 13 C substitution. 8 The observed shift is 65 cm
as seen in Fig. 3 . The isotopic shift is also expected to be an approximately linear function of the 12 C/ 13 C ratio by comparison to similar studies of diamond. [9] [10] [11] [12] In one experiment, we used 400 SCCM H 2 , 40 SCCM 13 CH 4 , and 1 SCCM 12 C 2 H 2 at a lower hot filament temperature which decomposed about 2% 13 CH 4 to produce 13 C 2 H 2 and 13 C 2 H 4 . This resulted in a measured shift of 20 cm −1 as shown in Fig. 3͑b͒ . This shift corresponds to ϳ31% 13 C content. In a second run, the hot filament temperature was increased such that an equivalent of 1 SCCM 13 C 2 H 2 and 1 SCCM 13 C 2 H 4 were produced. This produced a 45 cm −1
shift which corresponds to 69% 13 C content. In both runs, the 12 C content can only come from the reaction of 12 C 2 H 2 , as no other 12 C species such as 12 CH 4 and 12 C 2 H 4 are detected by FTIR. Thus in the later experiment 12 C 2 H 2 produces 30% of the SWNT growth. Since an equivalent quantity of 13 C 2 H 2 is produced by methane decomposition based on infrared absorbance measurements, this species must also contribute ϳ30% to SWNT growth. The remaining 40% of the growth must come from other 13 C species such as 13 C 2 H 4 and possibly the methyl radical. Methane is not thought to be an active species at this temperature since no growth is observed when only methane is present without a heated filament. The SWNT growth rate has also been observed to increase when the temperature of the hot filament and concentration of C 2 H 2 are increased. The results suggest that the primary contributors to SWNT growth are acetylene and ethylene with a possible contribution from methyl radical that forms from decomposition of methane or activation with atomic hydrogen.
Another series of experiments has been performed to determine whether decomposition of H 2 to atomic hydrogen is necessary for nucleation and continued growth of VASWNTs. As shown in Table I , when only methane is used, growth occurs only when the filament is hot enough to dissociate hydrogen to atomic hydrogen and decompose methane to acetylene and ethylene.
For experiments where only acetylene or ethylene is present, continued growth is also only observed in conjunction with the dissociation of hydrogen. Thus it appears that atomic hydrogen is important to both nucleation and growth. Excess amounts appear to result in slower growth rates. Optimum growth rates are likely to be achieved with specific ratios of atomic hydrogen and hydrocarbons. Surprisingly, the growth rate is less when only C 2 H 2 or C 2 H 4 is provided without the presence of methane. This may result from higher concentrations of atomic hydrogen in the absence of methane. Increased levels of atomic hydrogen can act to reduce the rate of decomposition of acetylene or ethylene on the catalyst surface.
The importance of atomic hydrogen to growth is also evidenced in the variation of the growth rate relative to the distance of the substrate from the hot filament. Typically, near the filament, the onset of growth is abrupt once nucleation occurs. The growth rate is observed to increase as the distance from the filament increases. A maximum in overall growth rate is observed at some distance ͑centimeters͒ from the filament with the growth rate diminishing over centimeter distances from the maximum growth point. The above behavior can be explained as a monotonic decrease of the atomic hydrogen concentration as a function of distance from filament. Rapid insertion of the substrate into a preheated furnace with the hot filament has also been found to be necessary for VA-SWNT growth. The heating of the substrate is thought to occur rapidly via radiant heat transfer. A simple radiant heat flux calculation taking into account radiation from the walls and hot filament as well as atomic recombination of hydrogen suggests that the substrate heats to the furnace temperature in less than 15 s. The observation of SWNT growth with only 10 s exposure to the activated gas also indicates that heating to approximately 500°C occurs in less than 10 s as deposition of carbon is not thermodynamically possible at the given pressures and composition until temperatures of 500°C and higher are reached. The rapid heating is thought to be responsible for the growth of smaller diameter SWNTs than is usually produced in VA-SWNT growth because nucleation and growth occur before the iron islands are mobile enough to aggregate.
The effect of the thickness of the Fe layer on VA-SWNT growth was also investigated. As shown in Fig. 4 , when the thickness of the Fe layer is 0.1 nm, we do not observe VA-SWNT growth. However, when the thickness of the iron film increases to 0.5 nm, we have VA-SWNT growth but the density of VA-SWNTs appears to be less than for a 1 nm Fe layer.
In summary, the HFCVD method has been used to investigate the effects of atomic hydrogen and active carbon species on the growth of VA-SWNTs. Previous studies that have used a catalyst surface prepared in the same manner typically grew SWNTs larger in diameter by a factor of 2 or more.
1- 3 We have suggested that rapid heating in the presence of atomic hydrogen and active carbon species such as ethylene and acetylene permits nucleation of SWNT at lower temperatures. Isotopic shifts of the tangential phonon mode of SWNTs, due to doping with carbon-13 synthesized from a mixture of carbon-13 methane ͑ 13 CH 4 ͒ and a small amount of carbon-12 acetylene ͑ 12 C 2 H 2 ͒, indicate that SWNT growth primarily occurs via reactions of acetylene and ethylene and possibly the methyl radical. Finally, the presence of atomic hydrogen appears to be essential for both nucleation and growth of VA-SWNTs. The importance of atomic hydrogen to the continued growth of VA-SWNTs is surprising as it indicates that atomic hydrogen is able to reach the support surface by diffusion through the VA-SWNTs. 
